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Abstract 
Polymer composites have been the mainstay of high-performance structural materials, but these materials are 
inherently sensitive to environmental factors such as temperature, exposure to liquids, gases, electrical fields and 
radiation, which significantly affects their useful life. Addition of layered silicate nanofillers in the polymer matrix 
has led to improvements in the elastic moduli, strength, heat resistance, decreased gas permeability and flammability. 
In the present work epoxy modified with Cloisite 30 B® nanoclay (at 1, 3 and 5 wt% of resin) and E-glass 
unidirectional fibers are used to prepare fiber reinforced nanocomposites using hand lay-up method. The 
nanocomposites have been characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM).  
XRD results show that the interlayer spacing between the clay platelets increased significantly indicating that the 
polymer is able to intercalate between the clay layers. The mechanical properties are measured by carrying out 
tensile, hardness and flexural tests and values are compared with those found for fiber reinforced neat epoxy 
composites. The tests show that an addition of nano-clay up to 3 wt% increases tensile strength and micro-hardness 
and there is a decrease in values with further clay addition up to 5 wt%. The flexural strength increased significantly 
with clay loading and the highest value is observed for specimens with 5 wt% of clay. Further, durability studies on 
nanocomposites have been performed in water and NaOH baths under accelerated hygrothermal conditions. During 
the exposure it is observed that the degradation in NaOH environment is more severe than in water.  
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1.  Introduction 
Layered silicate nanofillers have proved to trigger a tremendous properties improvement of the 
polymers in which they are dispersed. Amongst those properties, a large increase in moduli (tensile 
modulus and flexural modulus) of nanocomposites at filler contents sometimes as low as 1 wt% has drawn 
a lot of attention. These new materials have also been studied and applied for their superior barrier 
properties against gas and vapour transmission. Finally, depending on the type of polymeric matrix, they 
can also display interesting properties in the frame of ionic conductivity or thermal expansion control. 
Addition of small amounts of nanoclay into fiber reinforced polymer (FRP) system can improve the 
moisture barrier properties, tensile strength and fatigue strength, toughness and impact properties. For 
manufacturing fiber reinforced polymer nanocomposites, nanoclay is first dispersed into polymer resin 
using methods such as: in situ polymerization, melt intercalation, solution processing, direct mixing and 
ultrasonication. The modified polymer matrix is then reinforced with fibers to manufacture fiber nanoclay 
hybrid composites using conventional composite manufacturing methods.  
Timmerman et al. [1] modified carbon/epoxy composites with Cloisite 25A® and alumina particles to 
determine the effect of particle reinforcement and response of modified materials to cryogenic cycling. 
Cloisite 25A® was incorporated into base resin at concentrations of 2-, 5-, 8- parts per hundred resin (phr.) 
and alumina particles were added at a concentration of 5 phr. The interlaminar shear tests performed on 
unidirectional laminates showed a small increase in interlaminar shear strength with Cloisite 25A® 
nanoclay addition at 2 and 5 phr but the value decreased at  8 phr. Better improvements in these properties 
were however seen in laminates containing alumina particles. Average crack density decreased with 
incorporation of clay when compared with unmodified laminate after cryogenic cycling. Haque and 
Shamsuzzoha [2] observed significant improvements in mechanical and thermal properties of 
conventional fiber reinforced composites with low loading of nanomer I-28E® clay. In-situ polymerization 
method was used to disperse the clay particles in the epoxy resin. S2-glass/epoxy clay nanocomposites 
were manufactured using vacuum assisted resin infusion method (VARIM). Transmission electron 
microscopy (TEM) observations of epoxy clay system revealed that silicate phase was stacked alternately 
with polymer chain forming intercalated nanocomposites. Glass transition temperature, interlaminar shear 
strength, flexural strength and flexural modulus of glass fiber reinforced nanocomposite increased at low 
clay loading (1%), whereas a decrease in these properties was observed at higher clay loadings.  
Kornmann [3] used hand layup method in combination of vacuum bagging and hot processing 
technique to manufacture glass fiber/epoxy-layered silicate nanocomposites. Improvements in flexural 
strength, flexural modulus and decrease in water absorption at 50 qC were observed with the addition of 
nanoclay in comparison with fiber epoxy composite. Chowdhury et al. [4] investigated the effect of 
addition of nanoclay in different weight percentage and effect of post curing on flexural and thermal 
properties of woven carbon fiber reinforced epoxy matrix composites. Nanomer I-28E® nanoclay was 
mixed in SC-15 epoxy in 1%, 2% and 3% by weight using sonication route. Vacuum assisted resin 
infusion molding process was then used to prepare the carbon fiber reinforced composites. Out of the 
specimens prepared, thermal post curing of some specimens was done at 100 qC for 5h in a mechanical 
convection oven. The results of three point bend flexure test showed an increase in flexural strength and 
flexural modulus of all specimens up to 2 wt% nanoclay loading following a decrease at 3 wt% clay 
loading. The maximum improvement in strength was found in thermally post cured samples. Dynamic 
mechanical analysis results indicated that the storage modulus and loss modulus improved with the 
addition of nanoclay up to 2 wt% following a decrease at 3% clay loading.  
Lin et al. [5] manufactured fiber reinforced nanocomposite to study (i) the effects of fiber direction on 
clay distribution. (ii) Effect of mixing clay in different weight percentage in epoxy on mechanical and 
thermal properties. The epoxy resin was modified with Cloisite 15 A® by mixing clay in different 
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quantities using three different methods: direct mixing, solution mixing and ultrasonic dispersion. 
Observations of microstructures of the nanocomposites suggested that ultrasonic dispersion provided the 
best results in terms of dispersion. Vacuum assisted resin transfer molding process was used to 
manufacture the glass fiber reinforced epoxy clay matrix (prepared by ultrasonic dispersion). Better 
dispersion of nanoclay and no air bubbles entrapment was seen when fibers were placed in parallel 
direction as compared to transversely arranged fibers. Flexural tests indicated that longitudinal flexural 
modulus was enhanced by addition of clay while flexural strength of composite decreased slightly with 
clay addition in high percentages. Chow [6] carried out X-ray diffraction, differential scanning 
calorimetry and water absorption tests on glass fiber reinforced epoxy nanocomposite. The clay used in 
this study was Nanomer I.30E® which was added to diglycidyl ether Bisphenol A and the mixture was 
stirred at 100 rpm using a mechanical stirrer until all the organically modified montmorillonite (OMMT) 
clay was well dispersed in epoxy before the hardener was added. This mixture was then applied on glass 
fiber mat and laminated samples were prepared. Glass fiber reinforced neat epoxy matrix composites and 
neat epoxy specimens were also prepared by same route. Differential scanning calorimetry results showed 
that the glass transition temperature (Tg) of epoxy was increased slightly in the presence of OMMT. The 
water resistance properties of epoxy were found to be improved by addition of glass fiber and OMMT.  
Quaresimin and Varley [7] studied the effect of three different nano-modifiers on the mechanical 
properties of epoxy matrix unidirectional fiber reinforced laminates. The mixtures of different modifiers 
with epoxy were prepared following different routes. Carbon fiber reinforced epoxy laminates containing 
Cloisite 30B® (5 wt%), vapour grown carbon nanofiber (7.5 wt%) and styrene butadiene methacrylate (10 
wt% of resin) were prepared for evaluation and compared to unmodified laminate. Increase in 
Interlaminar shear strength, mode II strain energy release rate, and impact absorption capability was 
observed with the addition of Cloisite 30B® and VGCF modifiers. Yuan Xu et al. [8] investigated the 
effect of nanoclay content on flexural strength and fracture toughness of carbon fiber reinforced 
epoxy/clay nanocomposites. Mode I interlaminar fracture toughness of carbon fiber reinforced polymer 
(CFRP) increased for clay addition up to 4 phr. The flexural strength also increased at low clay loadings. 
Addition of nanoclay reduced delamination, increased rebound during impact testing of glass fiber 
reinforced epoxy clay nanocomposite as observed by Avila et al. [9]. Zainuddin et al. [10] carried out 
investigation to understand durability of neat/nanophased glass fiber reinforced composites subjected to 
different temperature and moisture conditions. The samples were then conditioned to four different 
environment conditions: cold and dry, cold and wet, elevated temperature and dry, elevated temperature 
and wet. The conditioning of all the sets was carried out for 15, 45 and 90 d. The addition of nanoclay 
showed increase in barrier to liquids and increase in flexural strength and modulus of glass fiber 
reinforced polymer GFRP containing 2 wt% nanoclay. The properties degraded with increase in exposure 
time.  
Though fiber reinforced nanocomposites have been investigated by many researchers, a comprehensive 
study on effect of nanoclay addition on mechanical properties of fiber reinforced/nanoclay hybrid 
composites subjected to hygrothermal conditions has not been performed so far.  The present work is thus 
focused on investigating the effect of nanoclay addition in different proportions on mechanical properties 
of fiber reinforced epoxy composites and degradation in mechanical properties of fiber/nanoclay-epoxy 
hybrid nanocomposites under hygrothermal conditions. The manufactured fiber reinforced nano-
composites exhibited good fluid barrier properties and strength in multi directions in comparison to 
unidirectional fiber reinforced composites. These materials will be useful for lightweight structural 
applications subjected to high fatigue loads.    
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2.  Experiment 
2.1. Materials 
In the present study epoxy resin was modified using Cloisite 30B® nanoclay supplied by Southern Clay 
Products. Cloisite 30B is montmorillonite clay modified with a ternary ammonium salt.  MBrace Saturant 
epoxy resin, supplied by BASF is a two part system: base resin (Bisphenol A) and hardener (polyamine). 
The two parts were mixed together in a ratio of 10:4. The E-glass fiber used was unidirectional fiber sheet 
EU 900 purchased from BASF. Nano clay was added to epoxy resin in different weight percentage (of 
resin): 1%, 3%, 5%. The modified epoxy was then reinforced with glass fibers to manufacture Fiber 
reinforced polymer nanocomposites.  
2.2. Processing 
The base resin was heated in an oil bath, maintained at a constant temperature of 60 qC. Nanoclay in 
different proportions was added slowly to resin and then stirring was done for 2 h. After mechanical 
stirring, modified epoxy solution container was placed into the ultrasonication bath for sonication. 
Sonication is done to speed dissolution, by breaking intermolecular interactions of clay layers and 
intercalation of monomer into interlayer galleries. The solution was mixed with the hardener and stirring 
up to 5 to 10 min was done. Finally the mixture was applied to fiber sheet on both sides using hand layup 
and left overnight for drying. The laminas were cured by leaving them under ambient temperature for 
seven days. To generate the base line data glass fiber reinforced epoxy laminas without nanoclay were 
also prepared. Care was taken that the two material systems were processed using the same sequence of 
operations and samples prepared were of same dimensions. 
3.  Results and Discussion 
To investigate the crystallographic structure of fiber reinforced epoxy nanocomposites, XRD was 
carried out in a Panalytical X-ray diffractometer with Cu KĮ radiation (Ȝ=1.54Å). All XRD scans were 
through 2ș values from 0q to 32q. The XRD results indicate an increase in d-spacing between the platelets 
of nanoclay. The d-spacing of the inter-gallery spacing was determined using Bragg’s Law.   
Table 1.  The d spacing of Cloisite 30 B®  Nanoclay and  Nanocomposites 
No. Clay loading Angle (2ș) d-spacing (Å) 
1 Cloisite 30B® 4.8452 18.26854 
2 1 wt% 2.7170 32.51781 
3 3 wt% 2.7123 32.57421 
4 5 wt% 2.3214 38.05891 
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An increase in d-spacing values as shown in Table 1 indicates that polymer was able to enter the 
interlayer spacing between platelets and could swell the clay. However a complete exfoliation could not 
be obtained and resulting nanocomposite is an intercalated structure. The SEM examination of 
nanocomposites with different clay loading shows dispersion of clay platelets in epoxy matrix. This 
examination was carried out on the surface of FRP nanocomposites at magnifications ranging from 100u 
to 6000u. Some of the Scanning electron micrographs are shown in Figure 1. Clay is well dispersed in      
1 wt% and 3 wt% specimens however presence of agglomerates can be seen in 5 wt% specimen.  
 
(a) 
 
(b)
 
(c) 
Fig. 1. Scanning electron micrographs of fiber-clay/epoxy nanocomposites (a) 1 wt% clay; (b) 2 wt% clay; (c) 5 wt% clay 
Tensile tests were carried out on a minimum of three specimens containing same amount of clay 
according to ASTM-D-3039 using Zwick-Roell universal testing machine. With the addition of nanoclay 
the value of tensile strength increased for clay loading up to 3 wt% and then it decreased (Figure 2a). A 
decrease in percent elongation  was found with the increase in clay content, which indicates that, the 
brittleness of matrix increased with increase in clay loading. 
(a) (b)
Fig. 2. (a) Tensile strength (MPa) of FRP nanocomposites at different clay loadings; (b) percentage elongation 
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For determining change in hardness values, measurements were taken at 5 points on each specimen. As 
is clear from Figure 3a, the value of hardness increased at low clay loadings and finally decreased.  Since 
the reproducibility and accuracy of measurements taken during experimentation was found to be quite 
good, in remaining studies only one set of samples was evaluated. Three point bending test results 
conducted on FRP specimens are shown in Figure 3b. Increase in nanoclay loadings improved the flexural 
strength of FRP nanocomposite at all values and the highest strength was observed at 5 wt%. A sharp 
increase in the flexural strength value can be observed at 3 wt% compared to value at 1 wt%. However 
with clay addition from 3 wt% up to 5 wt% the increase was marginal.  
 
(a) 
 
(b) 
Fig. 3. (a) Hardness values and; (b) Flexural strength of FRP nanocomposites 
For carrying out the durability studies specimen were dipped in a water bath maintained at 45 qC and a 
NaOH solution bath maintained at 45 qC for a period of one month. The liquid which evaporated from the 
tank was replenished on daily basis during experimentation. Before testing, the specimens were taken out 
and dried with the help of cloth and kept in ambient environment. The tensile strength and flexural 
strength measurements were taken to understand the effect of high temperature and moist conditions on 
these properties.  
 
(a) 
 
(b) 
Fig. 4. Tensile Strength degradation versus time (a) in water bath; (b) in NaOH bath 
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Figure 4 shows the effect of clay loading on tensile strength of samples immersed in water bath and 
NaOH bath. The tensile strength of all specimens decreased with time but in samples containing clay, the 
decrease was less in comparison to specimens without nanoclay. It can be seen that in specimen with 3 
wt% nanoclay the degradation was least as compared to other specimens. It is observed that in specimen 
immersed in water, the strength degradation is more severe during a time period of 15 to 30 days, whereas 
in samples immersed in NaOH bath, the degradation was more in first 15 days.  
 
(a) 
 
(b) 
Fig. 5. (a) Flexural Strength degradation; and (b) percent decrease in strength in water bath 
Figure 5 shows the effect of immersion of specimen in water on flexural strength of specimen. It can be 
seen from Figures 5a and b that 3 wt% nanoclay specimen outperformed in terms that the degradation in 
flexural strength in water bath was less in comparison to other specimens.  
 
(a) 
 
(b) 
Fig. 6. (a) Flexural Strength degradation; and (b) percent decrease in strength in in NaOH bath 
However in NaOH bath, as can be seen from Figures 6a and b, the strength degradation was 
approximately same for 3 wt% and 5 wt% specimens. The neat epoxy – fiber composite suffered a steep 
drop in strength in both water and NaOH bath.   
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4.  Conclusion 
Better intercalation of clay in epoxy was observed in samples with 1 and 3 wt% clay loadings while 
agglomerates were found in 5 wt% samples. Tensile and bending tests performed on nanocomposites 
showed that with the addition of nanoclay up to 3 wt%, the tensile strength increased and then decreased 
at a loading of 5 wt% however the flexural strength increased with addition of nanoclay up to 5 wt%. The 
hardness of the nanocomposites also increased with increasing nanoclay content. Durability studies 
conducted on nanocomposites in water and alkaline medium for a period of one month showed 
degradation in mechanical properties of all specimens. The decrease in tensile and flexural strength was 
however less in specimen with nanoclay modified epoxy matrix in comparison to specimen with neat 
epoxy matrix. The water resistance properties of epoxy were improved by the addition of both glass fibre 
and nanoclay, which may be attributed to the increasing of the tortuosity path for water penetration. 
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